Self-renewal and pluripotency are two major characteristics of embryonic stem cells (ESCs) that allow ESCs to maintain stem cell population, and differentiate into multiple types of adult tissues. Nanog is the key transcription factor that controls both self-renewal and pluripotency of ESCs. Similarly, cancer stem cells (CSCs) are capable of preserving population and initiating new tumor development by self-renewal. Expression of Nanog family proteins can be increased in many types of cancer which is correlated with tumor outcomes. In this review we summarized the recent understanding of the roles and mechanisms of Nanog in ESC regulation under physiological conditions. In addition, we describe the function of Nanog family proteins in different types of cancer, and the association of Nanog with clinical outcomes. Taken together, Nanog proteins are central regulators controlling both ESCs and CSCs, and are considered as a prognostic marker in many types of cancer. These findings supported the possibility of novel therapeutic potentials of Nanog against cancers.
Introduction
Self-renewal and pluripotency are two distinctive characteristics of undifferentiated embryonic stem cells (ESCs), which enable ESCs to keep their own stemness and to differentiate into multiple lineages. Any error of the tightly-regulated self-renewal and pluripotency processes may lead to developmental defects. Nanog is a critical transcription factor which maintains both self-renewal and pluripotency of ESCs 1, 2 . Nanog is selectively expressed in undifferentiated pluripotent cells but not in adult cells. The expression of Nanog is accurately controlled during stem cell differentiation. Nanog is an upstream regulator of STAT3 and Oct4 in maintaining ESC clonal expansion 2 , as well as the leukemia inhibitory factor (LIF)/STAT3 complex 1 . It has been reported that Nanog can regulate pluripotency and cell differentiation through the interaction with complexes formed by transcription factors including Oct4, Sox2, Klf4 and Slug 3, 4 . Nanog is involved in the pathways which form a reciprocal regulatory circuit to balance self-renewal, proliferation, and differentiation of ESCs. In addition, Nanog can reduce gene transcriptional noises by regulating polycomb complexes, DNA methylation, expression of microRNAs, so that most stochastic and aberrant induction of differentiation can be prevented [5] [6] [7] .
Nanog protein, coded by Nanog1 gene, consists of 305 amino acids and contains conserved homeodomain that binds to DNA. Human Nanog1 gene (gi 13376297) is localized on chromosome 12 and consists of 4 exons and 3 introns with a 915 bp open
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International Publisher reading frame (ORF) 8 (Fig. 1) . It is very unique that Nanog1 gene has been tandem duplicated into a variant gene Nanog2 (NanogP1), as well as many pseudogenes (NanogP2-P11) during evolution 9, 10 . The comparison of human and chimpanzee genome sequences has revealed that Nanog2 retained its intronic sequences, while NanogP2 to P11 are dispersed, intronless and reversely transcribed integrants 11 . Among those pseudogenes, Nanog homeobox pseudogene 8 (NanogP8) is the only one that has an intact ORF 12, 13 . Intriguingly, NanogP8, located on chromosome 15, is free of structural defects and has the potential to be functionally expressed (Fig. 1 ). Nanog1 and NanogP8 have identical 5'-untranlated regions (UTRs) except the first ~18-bp, which are unique to each gene (Fig. 1) . The two genes also have very similar 3'-UTRs except for the ~20-bp sequence in the Nanog1 3'-UTRs (Fig. 1) .
Three Nanog proteins were demonstrated to elicit influence on differentiation of human ESCs.
They were Nanog1, Nanog2 and NanogP8 14 . The functional paralogs of Nanog family have been amplified with multi-Nanog PCR, showing that human ESCs express large amounts of Nanog1 and Nanog2. Nanog1 is essential for the self-renewal and pluripotency of ESCs and is also required for the induced pluripotent stem cells (iPSCs) to reach the ground state 1 . Forced expression of Nanog1 is sufficient to maintain the undifferentiated state of ESCs and targeted disruption of Nanog1 results in loss of ESC identity and differentiation toward primitive endoderm 1 . In contrast, NanogP8 protein is expressed in most human cancer cells, and the Nanog protein level generated by NanogP8 is comparable to that produced by Nanog1 in pluripotent cells 14 . Moreover, NanogP8 is as effective as Nanog1 in the reprogramming of human and murine fibroblasts into iPSCs, suggesting NanogP8 can contribute to promote de-differentiation and/or pluripotency of eukaryotic cells 1, 14 . , and Nanogp8 gene (B). The 2 genes both have 4 exons (E) with a 915-bp ORF. NanogP8 is a retrotransposed gene and thus lacks introns, whose sizes in Nanog1 are indicated. The 2 genes have identical 5′-UTRs except the first ~18-bp, which are unique to each gene (marked by a green and red rectangle). The 2 genes also have very similar 3′-UTRs except for the ~20-bp sequence in the Nanog1 3′-UTR (A). The specific sequences in this region were used to design Nanog1/NanogP8-specific PCR primers. TSS, transcriptional start site. (C) Protein structure of Nanog1 protein. Nanog1 protein consists of an N-terminal "interference" domain (ND), homeodomain (H) important for DNA binding, and a C-terminal domain containing 2 subdomains (CD1 and CD2, responsible for transactivation) and a tryptophan-rich domain (WRD) involved in dimerization. The red line in CD2 indicates the conserved amino acid change (Q253H) in NanogP8 protein.
Similar to ESCs, cancer stem cells (CSCs) are cancer cells that possess characteristics associated with normal stem cells, including self-renewal and differentiation into multiple cell types. It is hypothesized that CSCs are the one of the major causes of tumor relapse and metastasis by developing new tumor. Therefore, understanding the Nanog-involved mechanism underlying CSC self-renewal and differentiation is essential for developing specific therapy against cancers, especially metastatic cancers. It has been reported that Nanog family members are critical for CSCs: 1) Expression of Nanog proteins is increased in many types of cancer; 2) Enhanced levels of Nanog proteins are related with CSC-like phenotype 15, 16 ; 3) Knockdown or knockout of Nanog gene could reduce cancer malignancy [17] [18] [19] . Altogether, Nanog family proteins are pivotal to maintain the function of ESCs under physiological conditions, as well as CSC phenotype under pathological conditions. In this review we will summarize the recent research progress on Nanog proteins in regulation of both ESCs and CSCs.
The function of Nanog in ESCs
ESCs are derived from the inner cell mass (ICM) of blastocyst 20 . The expression of Nanog is detectable at embryonic day 6 (E. 6) in proximal epiblast in the region of presumptive primitive streak, and the expression extends distally as the streak elongates during gastrulation and remains restricted to epiblast 20 . Nanog RNA is down-regulated in cells ingressing through the streak to form mesoderm and definitive endoderm 20 . Though LIF and STAT3 are reported to maintain self-renewal of mouse ESCs 21 , LIF/STAT3 is dispensable for maintenance of ICM and human ES cells, and Nanog is identified as a vital regulator to control ESC self-renewal at the upstream of LIF/STAT3, since Nanog-deficient ICM could not generate epiblast and only produce parietal endoderm-like cells 1 . Meanwhile, Nanog-deficient ESCs lost pluripotency and differentiated into extraembryonic endoderm lineage 1 (Fig. 2) . Nanog protein can be divided into N-terminal and C-terminal halves. The N-terminal half contains a DNA-binding homeodomain and an N-terminal domain. The C-terminal half contains a dimerization domain referred to as the tryptophan repeat, in which every fifth residue is a tryptophan, separating C-terminal domain 1 from C-terminal domain 2 22 ( Fig.1 C) . Homodimerization of Nanog is critical for promoting pluripotency of ESCs, which are maintained by transcription factors that form a highly interconnected protein interaction network surrounding the homeobox protein Nanog 23, 24 . Enforced expression of Nanog in mouse ESCs promotes self-renewal and alleviates their requirement for LIF 1 . The enforced expression of the Nanog dimer, but not the monomer, functionally sustains LIF-independent self-renewal of ESCs 25 (Fig. 2) . It is demonstrated that Nanog-Nanog homodimerization is critical for its function in promoting stem cell pluripotency. Another transcription factor Oct4 has been found to interact with Nanog and associate with proteins from multiple repression complexes, including the NuRD, Sin3A and Pml complexes 26, 27 . In addition, Nanog, Oct4 and repressor proteins could co-occupy Nanog-target genes in mouse ESCs, suggesting that Nanog and Oct4 may collectively communicate with distinct repression complexes to control gene transcription. Moreover, ESC differentiation could be controlled by Nanog and Oct4 through respective unique repressor complexes on their target genes 27 .
In addition to self-renewal and pluripotency, Nanog also regulates cell cycle of ESCs. Previous study has reported that ESC clones with overexpressed Nanog have accelerated S-phase entry 28 . Under physiological conditions, the C-terminal of Nanog was found to bind to regulatory region of CDK6 and CDC25A, which are served as downstream mediators of Nanog-regulated S-phase entry 28 . Nanog family protein, NanogP8, is highly expressed in T-cell acute lymphoblastic leukemia (T-ALL) cells, and knockdown of NanogP8 by small interfering RNA (siRNA) inhibited cell proliferation, reduced self-renewal, promoted apoptosis and arrested the cell cycle through a p53-mediated pathway 29 . Similarly, in breast cancer cell line, downregulation of Nanog reduced expression level of cyclin E and STAT3, and caused cell arrest at G0/G1 phase 30 . Since Nanog is essential for cell cycle control of ESCs, its own expression is supposed to be tightly controlled during embryonic development. The molecular mechanism underlying Nanog regulation is still unclear. Recently, Zic3 is demonstrated to act as a direct activator of Nanog1 in ESCs by binding to the promoter region 31 . Furthermore, the activity of a mutant Nanog1 promoter with ablated Oct4/Sox2 binding site is rescued by Zic3 overexpression to nearly wild-type levels, suggesting that activation of Nanog1 promoter by Zic3 is independent of Oct4/Sox2 binding 31 . The expression of Nanog1 is also controlled at epigenetic level. It is reported that downregulation of TET3, a member of TET family that can convert 5-methylcytosine to 5-hydroxymethylcytosine, resulted in the reduction of 5-hydroxymethylcytosine and thus reduced the level of Nanog1 expression in the blastocysts 32 . TET family proteins are thought to be not only regulators of Nanog1, since Costa et al identified 27 high-confidence protein interaction partners of Nanog1 in mouse ESCs by using enhanced purification techniques and a stringent computational algorithm 33 . Exactly, 19 of the 27 hits are unknown Nanog1 binding proteins, and TET1 is confirmed to directly bind to Nanog1. The physiological association of Nanog1 with TET1 synergistically enhanced the efficiency of reprogramming 33 . Co-expression of Nanog1 and TET1 increases 5-hydroxymethylcytosine levels at the loci of Esrrb and Oct4, resulting in priming of their expression before reprogramming to naive pluripotency 33 (Fig. 2) .
The pro-tumorigenic effects of NanogP8
As a Nanog1 homolog in cancer cells, NanogP8 is demonstrated to play a key role in regulating CSC properties 34 . Many studies have tried to explore the potential mechanism for pro-tumorigenic effects of NanogP8 35, 36 , and found that NanogP8 contributes to CSC properties as evidenced in three perspectives: (i) The pivotal role of NanogP8 in maintaining stemness of CSCs at cancer initiation stage; (ii) The upregulation of NanogP8 mRNA and protein level during cancer progression; (iii) The NanogP8 siRNA-based inhibitory effects observed during cancer development stage.
Nanog could confer CSC properties
Recent findings explored that stemness factors such as Nanog, Oct4, and Sox2 could reprogram the somatic cells back to an ESC-like state. Likewise, such stemness factors could also be involved in cancer initiation and progression, since the expression levels of aforementioned stemness factors could be abnormally elevated in several types of CSCs. Notably, cell fate in both ESCs and CSCs could be alternatively determined by Nanog, the activation of which at an inappropriate time could result in generation of CSCs rather than normal pluripotent stem cells or differentiated somatic cells 37 . Study on downstream regulatory pathways of Nanog has indicated that several aspects of cancer development could be controlled by Nanog, including tumor cell proliferation, motility, epithelial-mesenchymal transition (EMT), immune evasion, drug resistance, malignancy conversion, as well as communication between cancer cells and the surrounding stroma 38 .
Nanog mRNA and protein were up-regulated during cancer progression
In recent studies, a functional variant of Nanog has been reported to be expressed in cultured cancer cells and xenograft human primary prostate cancer cells. Nanog mRNA in cancer cells is derived predominantly from the retrogene locus of NanogP8, which is dominantly detected in the nucleus of CSCs. The expression level of NanogP8 protein is higher in patient prostate tumors than matched benign tissues 38, 39 . NanogP8 mRNA and protein are also found to be enriched in putative CSCs and cancer progenitor cell populations 39 .
The role of NanogP8 in CSCs is validated by NanogP8 knockdown
When NanogP8 expression was knocked down with a short hairpin RNA (shRNA) vector, the anchorage independency and tumorigenicity were repressed 40 . Extensive loss-of-function analysis has revealed that tumor development could be inhibited by RNA interference (RNAi)-mediated NanogP8 knockdown, establishing a functional significance for NanogP8 expression in cancer cells. Long-term clonal and clonogenic growth of CSCs is also reduced in NanogP8-shRNA-transduced CSCs 39, 41 . Altogether, NanogP8 exhibits a crucial role in promoting CSC stemness, and contributes to tumor initiation and development.
The roles of Nanog proteins in miscellaneous cancers
The dysregulation of NanogP8 can be involved in tumorigenesis through the influence on the CSC population. Elevated NanogP8 expression is associated with poor clinical outcome in numerous epithelial malignancies. NanogP8 protein is enriched in CSCs; whereas the CSCs pools were reduced following downregulation of NanogP8. NanogP8 has also been considered to promote chemoresistance and EMT 34, 38, 42 . Many experimental anti-cancer treatments have targeted on the NanogP8 and its regulatory pathway components. Knockdown of Nanogp8 through RNAi and microRNAs has significantly suppressed the tumorigenic and metastatic capacity of miscellaneous cancer cells 34, 43 . Chiou et al reported that elevated expression of Nanog and Oct4 was found in lung adenocarcinoma (LAC), and double knockdown of Nanog and Oct4 suppressed the Slug expression, reversed the EMT process and blocked the tumorigenic and metastatic ability, which greatly improved the mean survival time of LAC cell-transplanted immunocompromised mice 34 . Immunohistochemistry analysis demonstrated the presence of Nanog, Oct4 and Slug in high-grade LAC. Also, triple positivity of Nanog/Oct4/Slug could predict a worse prognostic outcome of LAC patients, indicating that manipulation on Nanog/Oct4 signaling may be effective in repressing EMT, tumor initiation and metastasis of LAC 34 (Fig. 3) . Downregulation of NanogP8 by shRNA in human gastric cancer cell line leads to significant reduction of cell proliferation, invasion and migration capacity of cancer cells. Reduced NanogP8 can also induce cell cycle arrest and apoptosiss 43 . Similar scenarios were observed during NanogP8 inhibition in glioblastoma cells 44 and breast cancer cells 30 . In MCF-7 cells, a breast cancer cell line, downregulation of NanogP8 reduced expression levels of cyclin E and STAT3, thus repressed cell proliferation, colony formation and migration, and caused cell cycle arrest at G0/G1 phase 30 (Fig. 3) . Consistently, proliferation of breast cancer cells MDA-MB-231 was also significantly repressed by the inhibition of NanogP8 30 . These data suggested that NanogP8 could be the potential target in prospective genetic treatment via siRNA against miscellaneous types of cancer. Meanwhile, the microRNAs were also involved in NanogP8 regulation. The miR-214 was demonstrated to regulate ovarian cancer stem cell (OCSC) properties by targeting p53/Nanog axis 23 . As reported, miR-214 can enhance Nanog expression through a direct repression of p53. OCSC population and self-renewal would be enhanced by enforcing expression of miR-214, suggesting that miR-214 may act as a therapeutic target for ovarian cancer 23 (Fig. 3) .
Prostate cancer
Previous studies have demonstrated pro-tumorigenic functions of NanogP8 in prostate cancer (PCa) 39, 42, 45 . NanogP8 + PCa cells exhibited enhanced clonal growth and tumor regenerative capacity 42 , and induction of NanogP8 by a tetracycline-controlled system in PCa cells promoted drug resistance and tumor regeneration 42, 45 . These pro-tumorigenic effects were associated with an upregulation of CXCR4, IGFBP5, CD133 and ALDH1 42 . A study of CSC maker expression in 133 PCa patients has shown that all patients have positive expression of Nanog and Oct4, and a significant correlation was observed between Nanog and hypoxia-inducible factor (HIF)-1α in those patients 46 . These studies suggest that Nanog may be a promising biomarker for diagnosis of malignant PCa, and co-expression of Nanog and HIF-1α may predict an unfavorable prognosis since such co-expression may accelerate carcinogenesis and metastasis of PCa 46 .
Hepatocellular carcinoma
The expression of CSC markers, Nanog and Oct4, is examined in 228 hepatocellular carcinoma (HCC) patients, and it has been found that the co-expression of Oct4 and Nanog dramatically associated with tumor size and vascular invasion, and is an independent predictor of postoperative recurrence and poor prognosis 47 . Nanog + CSCs isolated from HCC were capable of differentiating into mature cancer cells in vitro and in vivo 48 . These cells also exhibited resistance to therapeutic agents (e.g., sorafenib and cisplatin) and a high capacity for tumor invasion and metastasis 48 . The insulin-like growth factor (IGF) pathway components can function as downstream molecules of Nanog in HCC, since IGF2 and IGF receptors are upregulated in Nanog + CSCs and knockdown of Nanog inhibits the expression of IGF1 receptor (IGF1R); whereas overexpression of Nanog in Nanog -CSCs increases the expression of IGF1R 48 (Fig. 3) . However, it remains unclear how these CSCs contribute to HCC initiation and progression. A clue was reported that Nanog promoted EMT process in HCC by activated Smad3-mediated Snail expression 38 . The co-expression of Nanog and phosphorylated Smad3 may be considered as a potential predictor for poor prognosis in HCC patients. Additionally, HCC cells in the tumor edge area have displayed higher Nanog expression than cells in the tumor center, which might suggest an important role of Nanog in HCC metastasis 38 .
Leukemia
NanogP8 is expressed in primary T cells isolated from T-ALL patients, and the expression level is correlated with cell proliferation and self-renewal 29 . Knockdown of NanogP8 by RNAi promotes cell apoptosis and cell cycle arrest through a p53-mediated pathway 29 . Nanog1 and Nanog2 protein variants have been identified in human t(4;11) leukemia cells, and they have equivalent functions in activating specific downstream stem cell genes 9 . Properties of leukemia stem cells could be conferred by transcriptional activation of Nanog2. Transcripts of Nanog2, Oct4 and Sox2 have been recently identified in multiple human leukemic cell types, suggesting Nanog, in collaboration with stemness-related transcriptional factors, is also important in regulating leukemic stem cell functions 9, 29 . 
Glioblastoma multiforme
Glioblastoma multiforme (GBM) is a highly invasive brain tumor with very high mortality rate 49, 50 . Hedgehog-GLI (HH-GLI) signaling pathway is found as an important signaling pathway in GBM, which is responsible for GBM cell growth, CSC expansion and specific expression of ESC-like stemness signature 50, 51 . Furthermore, Hedgehog pathway was demonstrated to promote metastatic capacity and CSC expansion through direct regulation of Nanog, which has proved to be a novel HH-GLI mediator essential for GBM formation 50, 51 . The function of Nanog is conserved, since GBM cell growth and CD133 + GBM CSC expansion rely on Nanog expression 49, 51 . Tissue microarrays of 80 low-grade (WHO Grade II) and 98 high-grade human gliomas (WHO Grades III and IV) revealed upregulated protein levels of Nanog, Klf4, Oct4 and Sox2 in high-grade gliomas, as compared to low-grade ones 52 . In the multivariate model, Nanog was identified as an independent prognostic factor in the subgroups of low-grade astrocytoma, high-grade astrocytoma and glioblastomas only 52 .
Colorectal cancers
Nanog is found to be expressed in the form of both Nanog1 and NanogP8 in human colorectal cancer (CRC) 53 . Clonogenic potential and tumor formation capacity of CSCs in CRC could be enhanced by increased expression of Nanog1 53, 54 . In CRC patients, Nanog1 is expressed only in a small fraction of cancer cells. However, a single Nanog1 + CRC cell could form a spherical aggregate, similar to the embryoid body derived from ESCs 53 . Nanog1 expression is regulated by c-Jun and β-catenin/transcription factor 4 complex. Ectopic expression of c-Jun in murine ESCs results in the development of larger xenograft tumors with a higher cell density compared to controls. Chromatin immunoprecipitation assays demonstrate that c-Jun binds to the Nanog1 promoter via the octamer M1 DNA element [53] [54] [55] . Moreover, reported evidence suggests that Nanog1 can induce CSC to adopt a stem-like phenotype and contribute to CSC pool expansion in CRC 54, 55 .
On the other hand, immunohistochemistry analysis of 175 colorectal tumor samples revealed that overexpression of NanogP8 was strongly correlated with poor prognosis, lymph node metastasis and Dukes classification of CRC patients 56 . A study of NanogP8 expression level in CD133 + and CD133 -tumor cells of CRC indicated that NanogP8 expression was significantly higher in CD133 + tumor cells compared to CD133 -ones. NanogP8 is expressed in 72 of 360 cases of CRC 57 , and is associated with histological grade, lymph node metastasis, TNM stage, and liver metastasis 57 . Heretofore, expression level of NanogP8 is considered as a significant biomarker for prediction of postoperative liver metastasis of CRC patients.
Gastric adenocarcinoma
In clinical samples of 105 patients undergoing retrospective surgery for gastric adenocarcinoma, the expression of Nanog protein level is significantly higher in cancer tissues compared to that in surrounding non-tumor tissues 58 . Overexpression of Nanog protein was positively correlated with lymph node status, infiltration scope and differentiation stages of gastric cancer, as well as advanced clinical stages of patients 58, 59 . Another study discovered that the expression of Nanog (Nanog1 and NanogP8) was much higher in tumor than that in para-tumor tissues, and its overall level is correlated with poor prognosis 59 . Interestingly, Helicobacter pylori-infected cancer cells exhibited CSC-like properties, including an increased expression level of CSC-specific surface markers, including CD44 and Lgr5, as well as Nanog, Oct4 and c-Myc, and an enhanced capacity for self-renewal 59 . Knockdown of Nanog by RNAi in gastric cancer cell lines was shown to inhibit cell proliferation, and promote cell apoptosis and S-phase cell cycle arrest 43 .
Oral squamous cell carcinoma
Oral squamous cell carcinoma (OSCC) is a very aggressive cancer with high mortality rates, and patients usually die of cancer or the complications within 5 years upon initial diagnosis 60 . Nanog is found to regulate drug resistance, which is a challenging issue in treatment of OSCC. Cisplatin-resistant OSCC cells expressed high levels of stemness markers (Nanog, Oct4, Bmi-1, CD117, CD133 and ABCG2) and have much higher sphere-forming/self-renewal capability, as compared with cisplatin-sensitive ones 60 . Cisplatin-resistant OSCC cells also exhibited enhanced ability in migration, invasion, and clonogenicity 60 . Consistent with these in vitro results, expression levels of Oct4 and Nanog were significantly upregulated in cisplatin-resistant OSCC patients 60 . Recently, a retrospective study involving 60 cases of OSCC revealed that Nanog expression was identified in 52 cases (86.7%) and its expression was higher in primary foci of poorly differentiated OSCC than well-differentiated OSCC tissue 61 . Moreover, the level of Nanog was even higher in metastatic foci as compared with primary foci, and Nanog expression in metastatic foci was maintained at high level following preoperative adjuvant therapy, suggesting Nanog-expressing OSCC cells tend to metastasize, and may be resistant to preoperative adjuvant therapy 61 . In clinical settings, the expression pattern of stemness-related transcriptional factors, β-catenin, Oct4, and Nanog, exhibited significantly positive correlation with lymph node metastasis, advanced cancer stages, and worse prognosis in OSCC patients 60, 61 . Taken together, Nanog was found to be involved in OSCC initiation, carcinogenesis and chemoresistance to oral cancer therapy by enhancing CSC activities, which included increased expression levels of drug efflux pumps, alteration in programmed cell death and cell cycle, and reinforced DNA repair capacity 61, 62 .
Breast cancer
Nanog is overexpressed in breast cancer as well 63 . An inducible Nanog transgenic mouse model has elucidated the role of Nanog in breast carcinogenesis. Induction of Nanog in the mammary gland was not sufficient to induce mammary tumor. However, when Nanog was co-expressed with Wnt-1 in the mouse mammary gland, mammary tumorigenesis and metastasis were observed 63 . Microarray analysis showed that the ectopic expression of Nanog deregulated the expression of numerous genes associated with tumorigenesis and metastasis, proposing a correlation between Nanog expression and poor prognosis of human breast cancer patients 63 . In a separate study enrolling 100 breast cancer patients, patients with strong expression of Nanog had significantly lower disease-free survival rates and overall survival rates than those with weak expression of Nanog 64 .
Pancreatic cancer
Pancreatic cancer is notorious for difficult diagnosis at early stage and poor recurrence-free prognosis. Nanog and Oct4 are regarded as possible biomarkers in auxiliary diagnosis of pancreatic cancer 65 . The pancreatic CSCs isolated from PANC-1 cell line by flow cytometry exhibited higher expression levels of Nanog and Oct4, which were collaboratively demonstrated to predict a worse prognosis in pancreatic cancer patients 65 . Double knockdown of Nanog and Oct4 significantly reduced proliferation, migration, invasion, chemoresistance, and tumor regeneration capacity of pancreatic CSCs in vitro and in vivo, suggesting Nanog and Oct4 may serve as potential indicators for prognosis and novel therapeutic targets for pancreatic cancer 65 . In addition, Amsterdam et al reported that LGR5 and Nanog were co-expressed in clusters of beta cells in normal pancreas, as well as in cancerous pancreas 66 . Their study indicated that the islet's beta cells, which express LGR5 and Nanog markers, may be the initiating cells of pancreatic cancer, which can migrate from the islets to form the ductal cancerous tissue, probably after mutation and de-differentiation 66 .
Ovarian cancer
Ovarian cancer is the most lethal in all gynecological malignancies, and the identification of novel prognostic indicators and therapeutic targets for ovarian cancer is crucial 3, 67 . The expression of Nanog in normal ovarian tissue, benign, borderline, and malignant tumors showed a gradually rising trend 68 . Furthermore, Nanog expression level was closely related with tumor stages, and it was expressed in almost all stage IV patients 68 . Exactly, Nanog is overexpressed in the nuclei of cancer tissue, and increased nuclear Nanog expression was significantly associated with high-grade cancer development, severe histological subtypes, reduced chemosensitivity, poor overall and disease-free survival 67, 68 . Stable knockdown of Nanog impeded ovarian cancer cell proliferation, migration and invasion, accompanied by an increased mRNA expression of E-cadherin, caveolin-1, FOXO1, FOXO3a, FOXJ1 and FOXB1. Consistently, ectopic Nanog overexpression enhanced ovarian cancer cell migration and invasion capacity along with decreased mRNA levels of the aforementioned factors 3, 23 .
Lung cancer
In a retrospective study of 163 lung cancer patients, the level of Nanog protein in lung cancer tissues was found to be higher as compared with their normal counterparts, and was positively correlated with tumor stages 69 . Not surprisingly, survival analyses showed overexpression of Nanog protein predicted a worse prognosis for lung cancer patients 69 . In another study, Nanog mRNA was detected in 84.8% (39 out of 46) of lung cancer tissue samples. The sensitivity and specificity of the Nanog mRNA-based diagnostic technique was 80.4 and 93.3%, respectively 70 . Actually, Nanog mRNA was highly expressed even in the early clinical stages of lung cancer, suggesting that Nanog mRNA detection might be a novel method to confirm the diagnosis of lung cancer, irrespective of the clinical stage 70 .
Conclusion
As a vital transcription factor that maintains self-renewal and pluripotency of ESCs, Nanog is also expressed in many types of cancers and its expression is pivotal to confer CSC-like phenotype. Increased expression level of Nanog is bound up with drug resistance, metastasis and poor postoperative prognosis. Manipulation on Nanog expression at transcription level or via post-transcriptional regulation methods has shown promising therapeutic effects in different cancer models. Heretofore, Nanog was found to be involved in multiple oncogenic signal transduction pathways, including chemoresistance, EMT, metastasis, and CSC expansion. However, currently most of the mechanistic studies were based on ESCs or CSCs from human or mouse under in vitro circumstances, and the system biology approaches might be needed to allow deeper understanding of the temporal and intensity dynamics of Nanog regulatory network in ESCs, tumor cells and CSCs. Meanwhile, the roles of Nanog in cancer prognosis and anti-cancer therapeutics have become another hotspot. Recent findings have demonstrated that Nanog may act as a critical therapy target in clinical settings, as well as a biomarker for the diagnosis, and assessment indicator for prognosis and anti-cancer therapeutic efficacy.
